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Introduction

Voltage-contrast
decay on passivated devices
under electron beam probing has been reported. The
dependence
of the decay time constant
of the
voltage contrast on the primary electron current,
the passivation
thickness,
and the dielectric
constant of the passivation
has been analyzed with
a recently developed theory of capacitive-coupling
voltage contras~
It is found that the theory can
be used to estimate
the time constant
under
various observation
conditions.
Deviation of the
time constant
from the prediction,
depending on
the size of the electron beam irradiated
area, has
been observed and interpreted
as being due to
secondary electron
charging on the surface above
the electrode area during electron irradiation
of
the surrounding surfac~

An electron-beam
probe using
a voltage
contrast
has been developed and has been applied
in logic function tests and fault analysis of LSI
devices (1). In order to avoid radiation damage to
internal
transistors
and the negative
charging
effect of the passivation
surface, the tests have
usually been carried
out by using low primary
electron energies of 1-3 keV [2),[4],[6),[7].
It is well-known that with low accelerating
voltages,
a voltage-contrast
image is visible
through the passivation
layer for a while after
the change in voltages
of buried electrodes
is
finished.
However, this contrast fades away with
increasing
electron
irradiation,
and finally
disappears
entirely.
This type of contrast
is
believed to occur because of capacitive coupling
of the buried electrodes
with the passivation
surface.
It is called capacitive-coupling
voltage
contrast
(CCVC). As a result
of the contrast
decay,
the observation
time is limited
and
quantitative
measurement
of the contrast
is
affected.
Thus, it is important
to be able to
estimate
the decay time of CCVC, and recently
theoretical
models for CCVChave been proposed
[ 3 l, (8 l.
In this paper, the dependence of the decay
time constant on the primary electron current, the
passivation
thickness,
and the dielectric
constant
of the passivation
is discussed in relation to the
proposed
model (8). Secondary
electron
(SE)
charging
effects
on the surface
above the
electrode area caused by the electron irradiation
on the surrounding surface are discussed with both
experimental and the simulated SE trajectories.
The theory

of CCVC

A theoretical
model for CCVC has been
developed and described in detail
elsewhere
[8).
It adequately explains the variations
in CCVCfor
a passivated
device. A brief summary describing
the decay time constant of CCVCis as follows.
The model is based on the assumptions that (a)
the coefficient
oeff of effective
SE collection,
meaning the SE detector
current
I / primary
electron
current
IP, is linearly
related
to the
1rrad1ated-surface
potential
and (b) (I -I ) is
accumulated on the irradiated
surface. Fr6m ~hese
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assumptions,
it is shown that the time constant T+
when the buried
electrode
changes from Oto a
positive voltage is given by

E

( l)

::t

where C is the capacitance
of the passivation
layer be~ween the specimen surface and the buried
electrode.
Y+ depends on the material
of the
passivation
layer, the accelerating
voltage of the
primary
electron
beam, the strength
of the
extraction
field, the geometry of the chamber. and
other factors.
It is defined by

oeff= l -y+CVS(t)-VSeq)

,._
,._
a,

"O

(2)

with VS(tfVSeq •

5

where VS(t) is the surface potential.
V$e is the
equilibrium
potential,
where equilibr1u~
is the
state in which the incident
current is balanced
against
the emitted current
varying due to the
irradiated
surface
potential
induced by the
accumulated surface charge.
T+ can be rewritten as
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2
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Figure
1.
Relationship
between
effective
thickness of passivation deff and primary electron
current density J with decay timT constant T + of
CCVCas a paramefer for y+=0. 10v- [ 8 ).

(3)

where £ 0 is the dielectric
and deff is defined by

constant

of free

space
(4)

Here, dP. is the passivation
layer thickness,
£r
the relative
dielectric
constant
of the
passivation,
and JP the current density of the
primary electron beam.
Figure l shows the relationship
between the
effective
thickness
of passivation
deff and JP
with T+ as a parameter. Plot represents
the value
reported
by reference
[7].
The values of T+
estimated
from the above results
are reasonably
close to the previous experimental results.
In the foregoing theoretical
description,
the
influence
of secondary electrons
emitted
from
neighboring electrodes
at which the potential
is
different
from that of a subject electrode has not
been considered.
In the fall owing, the dependence
of decay time constant on electron beam irradiated
area size is described in detail.
The dependence of T+ on electron
area size
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Figure
2. Cross-section
of molybdenum
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The sample is a molybdenum MOS capacitor
encapsulated
by a phosphosilicate
glass (PSG)
passivation
layer deposited using chemical vapor
deposition.
Figure 2 shows a cross-section
of the
specimen. The passivation
layer t~ckness
is 1 11m,
and the capacitor area 300x300 11m.
The dependence of the SE signal intensity
on
the electrode
voltage in the scanning mode was
measured, with the measuring point at the central
point of the capacitor.
The accelerating
voltage
of the primar:_ lectron ~ffm was 2 kV, the beam
current
5xl0 11 to 2xl0
A, and the scanning
ti me per frame 0. 7 sec.
A typical result is shown in Fig. 3. When the
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Figure
3. Voltage
dependence
of SE signal
intensity
Sas a function
of electron
exposure
time.
buried-electrode
voltage VMchanges from Oto 5 V,
the SE signal intensity
S decreases
by tlSoN and
then returns
toward the i nit i a 1 value as the
number of frames (electron
beam exposure time)
increases.
This is because a negative charge is
accumulated
on the PSG surface
above the
electrode.
Then, when VM changes from 5 to O V,
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the intensity
increases by 6SoFF• depending on the
strength
of the surface
charge,
and decreases
toward the initial
value as the imaging process
continues.
Figure 4 shows the dependence of the measured
1+ and 1_ on the electron
beam irradiated
area
size, where 1_ denotes the decay time constant of
the contrast
caused
by negative-charge
accumulation
on the surface.
1+
and 1_ were
respectively
calculated
by the times when the
changes in the SE intensity
become 6SoN/e and
6SoFF/e. As I is the constant
value in these
experi mental cgnd it ions, the beam current density
J is in reverse
proportion
to the beam area (7].
T~us, from the rel at i onshi p given by eq. (3), the
theory
suggests
that
both 1+ and 1_ are in
proportion to the beam are~ However, as shown in
Fig. 4, while the 1_ values are proportional
to
the beam area, the 1+ values become non-1 i nearly
related
as the beam area increases.
This result
can be explained
as follows.
Secondary electrons
emitted from the surface surrounding
the buried
electrode
are deflected
by local fields generated
by the potential
at the electrode,
and a fraction
of them are charged on the surface
above the
electrode.
Thus, the 1+ value is less than the one
predicted by the theory.
Charging effects
surrounding area

due to electron

irradiation

( b)

VM=7V
Tsp=7sec

p

in

( C )

The charging effects due to irradiation
at a
different
point
from the electrode
area was
observed. Figure 5 shows an example of charging of
SE emitted from the surface at a different
point
from the electrode area. This micrograph is of the
first
frame (7sec/frame)
after VM changed from 5
to O V. Electrons
had been irradiated
at point P
in the spot mode for the Tsp time under VM>OV

945

Figure 5. Secondary electron
images indicating
charging during spot mode electron
irradiation.
Electrons
were irradiated
at point Pin the spot
mode for Tsp under VM>OV.
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Figure 6.
Co-ordinates
used
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0 V
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Figure 7. Example of SE trajectories
emitted from
the surface above the electrode area ( Xo=O ).

before VMchanged to O V. The accelerating
voltage
of the primary elect ~n beam was 2 kV and the beam
current
was 5 x 10- 1 A. E1e ctr on ch a r g i ng i s
observed as the bright area above the electrode.
These results
qualitatively
agree well with the
interpretation
of the relationship
between'+
and
the beam area in the preceding section.
In order to confirm the charging mentioned
above,
two-dimensional
simulations
of SE
trajectories
were performed. Figure 6 shows the
parameters used in this calculation.
The specimen
surface boundary is assumed to be infinite,
and
the extraction
field
is defined
by E0 . The
potential
distribution
above the specimen surface
is given analytically
as follows:

------s.oev
cote=0.25
----2.sev
cote=2x10-•
-5.0e V cote=2x10-•
···············
10.oev cote=2x10-•

ov

5 V

0 V

(a)

-l( <a-x)(a+y) \
+tan zi/z2+<a-x)2+(a+y)i/

p

i
W=5eV

(5)

(b)
where it is assumed that the surface potential
at
the 2ax2a area is v0 and the one at the other area
is 0.
Figure 7 shows some examples of trajectories
for a SE ejection
angle 8 of 45° under the
electron
irradiated
point
x0 of 0. In
cal cul at ions, the initial
velocity in the y-axis
direction
is assumed to be 0. As shown in Fig. 7,
while the electron with an initial
energy Wof 4.2
eV is deflected back to the specimen, the one with

Figure 8. Some examples
Xo=450 µm.
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Analysis
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m·icroscopy.
Jpn. J. Appl.
Phys. 24 1294-1297.

a ~/ of 4.4 eV is only slightly
affected
[5].
Figure
8 shows some trajectories
under
X0 =450µm. Electrons
with W higher
than 5 eV and
cote less than 2x 10- 5 reach the surface
above the
electrode
area.
This qualitatively
agrees
well
with the experimental
results
shown in Fig. 5 (b)
and (c). Furthermore,
as shown in Fig. 8 (b), the
dependence
of the electron-charging
point on the
surface
potential
v 0 explains
well the results
shown in Fig. 5 (b) and (c).

Discussion

with

Reviewers

K.D. Herrmann:
Which is the non-loading
EPEII for
PSG?
S. Gorlich:
Capacitive
coupling
voltage
contrast
can only be used for low primary electron
energies
below a typical
limiting
energy.
How is this
described
in your model? Please,
give values
for
this limiting
energy for different
passivations?
Authors:
CCVC is believed
to occur
caused
by
capacitive
coupling
of the buried electrode
to the
passivation
surface
for
low primary
electron
energies
(EpE) below EPEJJ' which is the second
crossover
potential.
We d1 not measure EPEII for
PSG. However,
for EpE=2keV
no charging
was
observed,
whereas for EpE=3keV negative
charging
was observed.
Therefore,
EPEIJ would take a value
in the range of 2 to 3keV. The values
of EPEII
strongly
depend on passivations.

Conclusion
The voltage-contrast
decay phenomena
that
occur during
electron
beam testing
of passivated
LSI devices
have been studied.
It was shown
analytically
that a recently
developed
theory can
be used in estimating
the order of magnitude
of
the decay time constant
in capacitive-coupling
voltage
contrast
under
various
observation
conditions.
In order
to obtain
good correlation
between experiment
and theory,
it is necessary
to
determine
the values
of Y+ in the respective
SEM
systems
beforehand.
Deviation
of the time
constant
from the
predicted
values,
depending
on the size
of the
electron
beam irradiated
area,
has been observed.
This was found to be caused by secondary
electron
charging
on the surface
above the electrode
area
during
electron
irradiation
of the surrounding
surface.

S. Gerlich:
Your
mode 1 is
based
assumptions
a) 0 eff=IsE/IpE=l-y±(Vs(t)-VSeq)
and
b) (IsE-Ip~)
charges the surface!
To a): Don t you believe
the assumption

on

two
(6)
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is

more

realistic

and

physically

founded?

(NsEdEsE=normalized
SE spectrum,
VB=potential
barrier,
which
is for
low extraction
fields
VB~vSeq+Vsignal and depends on microfield
effects,
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too.)

To b): What about the backscattered
e 1ectrons?
Authors:
a); We agree with your view represented
by eq. (6).
However,
VB is not constant
and
depends on some factors
such as extraction
fields,
SE ejection
angles as shown in Fig. 7, and others.
Therefore,
it is difficult
to exactly
ana 1yze the
time dependence
of CCVC. We presented
a simple
phenomenological
description
of CCVC based on our
experi mental results
( reference
[ 8 ]).
b); The variation
of an irradiated
surface
potential
has to be taken account of the currents
of the primary,
secondary
and backscattered
electrons
(BE).
Although
introducing
the BE
current
into our model under the assumption
of a
constant
BE yield
as described
in reference
[3],
the time constant
T+ corresponds
to eq. (1).
Only the equation
representing
the equilibrium
potential
is modified.
K. Ura:
I think
that Y+ and y_ might depend on
the voltage
pattern
beneath
the passivation
layer
in general.
Did you measure them as a parameter
of linewidth
of the pattern?
Authors:
We did not measure the dependences
of y +
on the l i new i dth of the pattern.
These va 1ues are
strongly
dependent
on the SEM systems.
So, by
determining
these values in the different
systems
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used
beforehand, we could estimate the order of
magnitude
of the decay time constant
for
electrodes of various area size.
L. Kotorman:
You explain
that observed
nonlinearities
occur for T+ when scanning
large
areas,
and are caused
by SE emitted
from
neighboring
nodes. In principle,
this effect
appears to be one of the contributors.
However, is
there any quantitative
support of this explanation
or could there be other significant
causes? What
do you think, for example, about the possibility
of surface
conduction
or other sort of charge
transfer
processes
between "non-equipotential
domains"?
Could it be that with longer time
constants
these
effects
merely become more
conspicuous 7
Authors:
Surface conduction and charge transfer
processes
may contribute
to the CCVC decay.
However, we think the dominant cause of these
effects is charging of SE emitted from neighboring
nodes as shown in Fig. 9. Because the nonlinearities
of T+ do not depend on the current
density
J
as shown in reference
[8].
these
effects
afe not related
to the value of T+• but
depend on the rate of the electrode
area size to
the irradiated
one.
L. Kotorman:
Did you experiment
with other
insulators
beside PSG? With certain experimental
conditions
polyimide,
for example, accumulates
trapped charges that are semi-permanent in nature
(depending on beam energy, angle of incidence,
current density among other things). These trapped
charges become so dominating
in the secondary
electron
generation
process
that
no voltage
contrast or CCVCobservation is possible. Could it
be that you are observing
similar
phenomenon
present on Fig. 57
Authors:
We did not experiment
with other
insulators.
Because the bright area shown in Fig.
5 can easily disappear
within a certain
time of
irradiation,
this contrast is not semi-permanent.

VM=5V
Tsp=20sec

L........J

100µ.m

Figure 9. Secondary electron
image indicating
charging during spot mode electron
irradiation.
Electrons
were irradiated
at point Pin the spot
mode for 20 sec under V M=5 V.

Authors: We used a conventional Everhart-Thornley
detector. According to reference [ 5), in this type
of detector
the extraction
fields
are several
volts per millimeter.
So, we used l-5 V/mm in our
simulations,
and the results
qualitatively
correspond
to the ones shown in Figs. 7 and 8.
These figures
indicate
typical
examples of the
simulation
results.
5. Gorlich:
Instead of "observation
time" or
"decay time constant" the technical term "storage
time" should be used, because this was introduced
in earlier papers by Ura et al.
[7].
Authors:
The definition
of the term "storage
time" introduced by Ura et al. [7] is not clear.
From our proposed model it is found that CCVC
varies
exponentially.
We measured directly the
time constant.

L. Kotorman:
In eq. 1, the value of y+-depends on
many experimental or given ambient parameters. The
combination of these parameters easily can create
conditions
when no equilibrium
states
can be
obtained within practicJl
limits (similarly
to the
mentioned trapped charges in polyimide). Although
you are mentioning the accelerating
voltage range
used 1 keV to 3 keV, would you care to put more
boundary conditions on these parameters or perhaps
comment about their practical
ranges.
Authors:
Although
the Y+ values depend on many
factors,
these values wouTd mainly depend on the
geometry of the chamber and the strength
of the
extraction
field.
Further work is necessary
to
determine
boundary conditions on various ambient
parameters.
K.D. Herrmann:
How did you calculate
the
electrical
stray field? In this paper E0 is set to
1 V/mm, although you refer to a value of 4 V/mm
(compare your reference
[5]). Why didn't you use
this value? Does the described
effect vanish at
higher extraction
fields
due to the stronger
vertical component of the electric
field?
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